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Abstract
The Sendai virus (SeV) C proteins are a nested set of four accessory proteins, C′, C, Y1, and Y2, encoded on the P mRNA from an alternate
reading frame. The C proteins are multifunctional proteins involved in viral pathogenesis, inhibition of viral RNA synthesis, counteracting the
innate immune response of the host cell, inhibition of virus-induced apoptosis, and facilitating virus-like particle (VLP)/virus budding. Among
these functions, the roles for pathogenesis and counteracting host cell interferon (IFN) responses have been studied extensively, but the others are
less well understood. In this paper, we found that the C proteins contributed in many ways to the efficient production of infectious virus particles
by using a series of SeV recombinants without one or more C protein expression. Knockout of both C′ and C protein expression resulted in
reduced virus release despite higher viral protein synthesis in the cells. Interestingly, for the viruses without C′ and C, or all four C protein
expression, non-infectious virions containing antigenomic RNAs were produced predominantly compared to genomic RNA-containing infectious
virions, due to aberrant viral RNA synthesis. Our results demonstrate for the first time that the C proteins regulate balance of viral genome and
antigenome RNA synthesis for efficient production of infectious virus particles in the course of virus infection.
© 2008 Elsevier Inc. All rights reserved.Keyword: Paramyxovirus; Sendai virus; C protein; Viral RNA synthesis; BuddingIntroduction
The order Mononegavirales including four families Para-
myxoviridae, Rhabdoviridae, Filoviridae, and Bornaviridae is
primarily characterized by its linear, nonsegmented, negative-
sense, single-stranded RNA genome (Lamb, 2006). The RNA
genome encodes five to ten viral genes tandemly, which are
flanked by 3′ and 5′ extracistronic regions known as the leader
and trailer, respectively. The RNA genome tightly encapsidated
by viral nucleoprotein (N), but not free genome RNA, serves as
a template for genome replication as well as transcription of
viral messenger RNAs (mRNAs). Both the replication and
transcription are carried out by a viral RNA-dependent RNA
polymerase complex (vRNAP) composed of large polymerase
proteins (L) and phosphoproteins (P). A cis-acting element for
viral RNA synthesis has been well characterized using a mini
genome replicon system and recombinant viruses generated by⁎ Corresponding author. Fax: +81 82 257 5159.
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doi:10.1016/j.virol.2008.01.004reverse-genetics techniques (Barr et al., 2002; Whelan et al.,
2004). The leader and trailer regions act as polymerase pro-
moters for the vRNAP to synthesize full-length antigenomic
and genomic RNAs, respectively. The leader also acts as a
promoter to initiate transcription, and a short leader RNA and
viral mRNAs are synthesized by a stop–start transcription
mechanism for each cistron. The mechanisms how the vRNAP
switches the mode for genome replication and transcription and
how the ratio of genomic and antigenomic RNA synthesis is
regulated are less well understood.
Among the Mononegavirales, the Paramyxoviridae include
some of the great and ubiquitous disease-causing viruses of
humans and animals, such as measles virus, parainfluenza-
viruses, mumps virus, Nipah virus, Hendra virus, Newcastle
disease virus, and rinderpest virus, is unique in that the P gene
produces more than one polypeptide species (Lamb and Parks,
2006; Nagai and Kato, 2004). As for SeV (mouse parain-
fluenzavirus type 1), a prototype of paramyxoviruses, the P gene
is the most diverse of the paramyxovirus P genes and at least
seven polypeptides are expressed from the gene: in addition to
496 T. Irie et al. / Virology 374 (2008) 495–505P protein, four C proteins (C′, C, Y1, and Y2) are translated form
start codons in the +1 reading frame relative to the P open
reading frame (ORF), and proteins V and W are produced from
the P ORF altered by insertion of one and two G residues at a
specific position of the mRNA, respectively.
Earlier studies reported that elimination of C protein
expression from the SeV P gene increased mRNA synthesis
and supplementation of the C protein from a plasmid eliminated
this increase (Curran et al., 1991, 1992), and that trans-supplied
C proteins inhibited virus replication (Cadd et al., 1996). SeV C
proteins have been nicely shown to inhibit viral RNA synthesis
as trans-acting elements in studies using mini replicons mim-
icking SeV defective-interfering (DI) genomes (Tapparel et al.,
1997). The C protein could inhibit internally deleted DI and
wild-type genome replication in vitro, but not copy-back DI
genomes, suggesting that the inhibitory effect of C protein was
promoter-specific. In addition to genome replication, C proteins
also inhibit viral mRNA synthesis (Curran et al., 1992). Such
inhibitory effect of C proteins on viral RNA synthesis have been
suggested to be exerted by physical interaction between C and LFig. 1. SeV recombinants used in this study and their growth kinetics. (A) Schematic r
amino acid changes for the various mutants are indicated. (B) Graphs of one-step grow
at least three independent experiments.proteins, since the strength of C–L interaction correlates with
defects in RNA synthesis (Grogan and Moyer, 2001). However,
how such inhibitory effects of the C proteins contribute to the
live virus replication cycle remains to be determined.
The C proteins function also in counteracting the innate
immune response of the host cell (Gotoh et al., 2002), inhibition
of virus-induced apoptosis (Koyama et al., 2003), and efficient
virus assembly and budding (Hasan et al., 2000; Irie et al., 2007;
Kurotani et al., 1998; Sakaguchi et al., 2005). As for assembly
and budding, a recombinant 4C(−) SeV that cannot express any
of the C proteins had reduced infectious virus production and
heterogeneous particles were produced (Hasan et al., 2000;
Kurotani et al., 1998). In addition, it has been shown that SeV C
protein enhances budding of VLPs formed by SeV matrix
protein (M) by interacting with Alix/AIP1, a cellular protein
involved in apoptosis and endosomal trafficking, and recruiting
it to the plasma membrane to facilitate VLP budding (Irie et al.,
2008, 2007b; Sakaguchi et al., 2005).
In this paper, infection of a series of SeV recombinants
without one to all four C protein expression was analyzed inepresentation of the SeV genome highlighting the start region of the P gene. The
th kinetics of the viruses in LLC-MK2 cells. Each titer represents the average of
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virion proteins, genome packaging into virions, total genome
RNA synthesis, and genomic and antigenomic RNA replication,
and we found that multiple functions of C proteins are involved
in the efficient production of infectious virus particles.
Results
C′ and C, but not Y1 and Y2 proteins, are important for infectious
virus production
It has been reported that the C′/C(−) and 4C(−) SeV recom-
binants, in which C′ and C, and all four C protein expression is
knocked out, respectively, are reduced in infectious virus
production (Kurotani et al., 1998). To examine the importance
of C proteins in virus replication in more detail, additional SeV
recombinants were recovered from cDNA (Fig. 1A). The dY1,
dY2, and d2Y recombinant viruses possess amino acid
substitutions of M24T alone, M30T alone, and both M24T and
M30T, respectively, within the C protein without alteration of the
P polypeptide by introducing ATG to ACG mutations to
eliminate Y1, Y2, and both Y1 and Y2 protein expression,
respectively. Knock out of the expression of C proteins in the
cells infected with these SeV recombinants was confirmed by
Western blotting using anti-C pAb (Fig. 2A). Consistent with the
previous report by Kurotani et al. (Kurotani et al., 1998), in the
SeV-WT infected cells, expression of C protein was dominant
than that of C′, Y1, and Y2 proteins, and much smaller amount
of Y2 and trace amount of Y1 proteins were detected (Fig. 2A,
lane 19). In the 4C(−)-infected cells, elimination of all four C
protein expression was confirmed (Fig. 2A, lane 24). C′ and C
protein expression was also knocked out in the C′/C(−)-infected
cells, but expression of Y2 protein was slightly increased
compared to that observed in theWT virus-infected cells (Fig. 2,
lane 23). Elimination of Y1, Y2, and both Y1 and Y2 expression
was confirmed in the dY1, dY2, and d2Y-infected cells,
respectively (Fig. 2, lanes 20– 22), although it has been reported
that ATG to ACG mutations at the start codons for Y1 and Y2
proteins do not alter or even increase Y1 and Y2 protein ex-
pression in the in vitro translation and the plasmid-driven
expression system (de Breyne et al., 2004, 2003, 2005; Latorre
et al., 1998a,b) In addition, levels of P protein expression in the
infected cells were not affected by the mutations introduced into
the C ORF (Fig. 2A, lanes 7–12).
Growth kinetics for the series of Cmutant viruses was assessed
by a one-step growth curve in LLC-MK2 cells (Fig. 1B). As
reported previously (Kurotani et al., 1998), overall titers of the C′/
C(−) and 4C(−) viruses were reduced by 1 to 2 logs compared toFig. 2. Protein profiles for WT and recombinant viruses. (A) SDS-PAGE
analysis of virion proteins released and accumulated for 48 h p.i. in the culture
medium of LLC-MK2 cells infected with the indicated viruses and Western blot
for P, M, and C protein expression in the infected cells. (B) The amounts of
virion N proteins (vN) and M proteins in the cells (cM) of Fig. 2A were
quantitated and the ratios of vN to cM are shown as a bar graph. The ratio in
SeV-WT was set to 1. Bars represent the average of three independent
experiments. (C) Ratios of the virus infectious titers at 48 h p.i. to the amounts of
virion N proteins are shown as a bar graph. The ratio in SeV-WT was set to 1.
Bars represent the average of three independent experiments.
Fig. 3. Total viral genomic RNA replication and incorporation into virus
particles. (A) Schematic representation of a part of the SeV genome with the N
and P ORFs highlighted in gray. Primers used in the experiments are represented
at the corresponding positions of the genome as arrows. Sites of P transcription
start and N transcription stop are represented as open and closed triangles,
respectively. (B and C) The relative amounts of viral genomic RNAs detected in
the cells infected with the indicated viruses (B) and in the virions (C) at 48 h p.i.
by one-step qRT-PCR are shown as a bar graph. The amounts of RNAs detected
in the WTsamples were set to 1. Bars represent the average of three independent
experiments.
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dY1, dY2, and d2Y viruses were virtually identical to those of
SeV-WT (Fig. 1B). Thus, C′ and C, but not Y1 and Y2 proteins
are important for infectious virus production.
Viral titers are not correlated with the amounts of viral proteins
released from the cells infected with the C′ and C-deficient
viruses
We previously reported that C protein is important for
efficient budding of SeV M-VLPs (Irie et al., 2007; Sakaguchi
et al., 2005). To elucidate whether the reduced virus titers of C′/
C(−) and 4C(−) were the results of deficiency in virus particle
release from the cells, we next examined virion protein profiles
of the SeV recombinants released into the culture medium at
48 h post-infection (p.i.) (Fig. 2). The protein profiles of the
WT, dY1, dY2, d2Y, C′/C(−), and 4C(−) virions purified from
the culture medium of the infected-cell cultures by ultracen-
trifugation through a sucrose cushion were compared by SDS-
PAGE (Fig. 2A, lanes 1–6). As expected, the amounts of virion
proteins for dY1 and d2Y were virtually identical to those of
SeV-WT, and those of dY2 were slightly increased compared to
the WT virus (Fig. 2A, lanes 1–4). In contrast, the amounts of
virion proteins of C′/C(−) were reduced (Fig. 2A, compare
lanes 1 and 5). Surprisingly, the amounts of virion proteins of
4C(−) in the culture medium were increased even compared
to that of SeV-WT and despite its reduced infectious titers
(Fig. 2A, compare lanes 1 and 6).
These differences in the amounts of viral proteins in the culture
mediummight be due to different levels of viral protein synthesis
in the cells. To examine this possibility, M protein expression in
the infected-cells was compared byWestern blotting using anti-M
pAb at 48 h p.i. (Fig. 2A, lanes 13– 18). The amounts ofMprotein
detected in the dY1, dY2, and d2Y-infected cells were virtually
identical to that of SeV-WT (Fig. 2A, lanes 13–18). Rather, the
levels of M protein expression in the C′/C(−) and 4C(−)-infected
cells were increased compared to that of SeV-WT (Fig. 2A, lanes
13, 17, and 18). Similar results were observed for P protein in the
infected cells (Fig. 2A, lanes 7– 12).
The N protein bands of virion samples (vN) and M protein
bands of cells (cM) were quantitated, and the ratios of vN to cM
were compared to examine virus release efficiencies (Fig. 2B).
The vN/cM ratios for the dY1 and dY2 viruses were virtually
identical to that of SeV-WT, and that of d2Ywas reduced by 38%
(Fig. 2B). The ratio of 4C(−) was only reduced 34% compared to
that of SeV-WT despite the almost 2-log reduction of virus
infectivity (Fig. 2B). In contrast, the ratio of C′/C(−) reduced
more than 10-fold compared to that of SeV-WT, indicating that
the reduced infectious titers of C′/C(−) were in part due to
reduced viral release from the infected cells (Fig. 2B).
We further examined the ratios of viral infectious titers to the
level of vN (Fig. 2C). As expected, the titer/vN ratios for the
dY1, dY2, and d2Y viruses were virtually identical to that of
SeV-WT (Fig. 2C). The ratio of C′/C(−) was only 10-fold lower
than that of SeV-WT, although the viral infectious titers were
almost 2-log lower than those of SeV-WT (Fig. 2C). Interest-
ingly, the ratio of 4C(−) was 50-fold lower than that of SeV-WT,despite the higher amounts of viral proteins released from the
infected cells (Fig. 2C).
These results suggest that the reduced virus particle release
from the cells contributes to the reduced viral infectious titers in
part for the C′/C(−) virus, but not for the 4C(−) virus, and that
the reduced titers may be due to the presence of non-infectious
virions in part for the C′/C(−) and mainly for the 4C(−) viruses.
Viral genomic RNA synthesis and their packaging into virus
particles
The presence of non-infectious virions for C′/C(−) and 4C
(−) might be due to inefficient incorporation of viral genome
RNAs into virions. To address this possibility, we first ex-
amined replication of viral genome RNAs in the SeV
recombinant-infected cells at 48 h p.i. (Fig. 3). Total RNA
from the infected cells was subjected to one-step quantitative
real-time RT-PCR (qRT-PCR) using a primer set (5SeVZ1683+
3SeVZ1843) designed to amplify the region spanning the end of
the N gene coding region and the region immediately upstream
of the P ORF (Fig. 3A). In this assay, (+) and (−)-sense genome
RNAs as well as the possible read-through products containing
both N and P genes (N–P read-through) would be detected, but
499T. Irie et al. / Virology 374 (2008) 495–505N and P mRNAs were not. The amounts of RNA detected in the
dY1, dY2, d2Y, and C′/C(−)-infected cells were not particularly
different from those in the WT-infected cells (Fig. 3B). In
contrast, the amounts of RNAs detected in the 4C(−)-infected
cells increased by 5-fold compared to that in the WT-infected
cells (Fig. 3B).
Similarly, RNA samples prepared from the virions released
into the culture medium were also applied to the qRT-PCR assay
using the same primer set as described above (Fig. 3). The
amounts of RNAs detected in the dY1 and d2Y virions were
almost similar to that in the WT virions, and 3-fold larger
amounts of RNAs were detected in the dY2 virions, although
titers for the dY2 virus was identical to those for the WT virus
(Fig. 3C). More importantly, consistent with the reduced and
increased amounts of viral proteins in the culture medium, the
amounts of RNAs detected in the C′/C(−) and 4C(−) virions
were reduced 86% and increased 2-fold, respectively, compared
to that in the WT virions (Fig. 3C). The ratios of the amounts of
RNAs detected in the virions to vN were not particularly dif-
ferent among all of the viruses, suggesting that these viruses are
not different in the efficiency of viral genomic RNA packaging
into virions (data not shown).
These results indicate that the reduced infectious titers of C′/
C(−) and 4C(−) are not due to inefficient replication of viral
genomic RNAs in the infected-cells as well as inefficient incor-
poration of the genomic RNAs into virions.Fig. 4. Viral genome and antigenome-sense RNA replication and incorporation into vi
ORFs highlighted in gray. Primers used in the experiments are represented at the corr
transcription stop were represented as open and closed triangles, respectively. (B) Aga
and antigenomic (+) RNAs in the indicated virus particles released into the culture me
with the indicated viruses (C) and in virions (V), which were detected by two-step qRT
represent the average of three independent experiments.Viral genomic and antigenomic RNA synthesis and their
incorporation into virus particles
Since it has been reported that in SeV, genomic as well as
antigenomic RNA-containing virions are produced in proportion
to the ratio of genomic and antigenomic RNAs synthesized in the
cells, and that the antigenome-containing virions are not
infectious (Kolakofsky et al., 1974; Kolakofsky and Bruschi,
1975; Mottet and Roux, 1989), we therefore decided to examine
genomic and antigenomic RNA synthesis and their packaging
into virions at 48 h p.i. (Figs. 4 and 5). For this purpose, we first
examined the polarity of virion-incorporated RNAs by two-step
RT-PCR as described in the Materials and Methods section
(Fig. 4). Agarose gel separation of the RT-PCR products from
virion-derived RNAs revealed that the genomic (−)-sense RNA
was more abundant than the antigenomic (+)-sense RNA in the
WT, dY1, dY2, and d2Yvirions. Surprisingly, the results for C′/
C(−) and 4C(−) were the opposite to those observed for the other
viruses, suggesting that the (+)-sense RNA-containing virions
were more abundant than the (−)-sense RNA-containing virions
for these viruses (Fig. 4B). Quantitation of the RT-PCR indicates
that the (+)/(−) ratios detected in the WT, dY1, dY2, and d2Y
virions ranged from 0.2 to 0.3 suggesting that (−)-sense RNA-
containing as well as (+)-sense RNA-containing virions were
produced at the rate of 5:1 to 3:1 (data not shown). In contrast,
the ratios were 2 for the C′/C(−) and 4C(−) virions, indicatingrions. (A) Schematic representation of a part of the SeV genome with the N and P
esponding positions of the genome as arrows. Sites of P transcription start and N
rose gel electrophoresis of the two-step RT-PCR products to amplify genomic (−)
dium for 48 h p.i. (C) Ratios of (+)-sense to (−)-sense RNAs in the cells infected
-PCR, are shown as a bar graph. The ratios of theWT-samples were set to 1. Bars
Fig. 5. Northern blot analysis of viral genome and antigenome RNAs in the cells infected with the indicated viruses (A) and in virions (D), and of β-actin mRNA in each cell extract (B) at 48 h p.i. (C and E) Ratios of
antigenome to genome RNAs detected in the infected cells (C) and in virions (E) are shown as a bar graph. The ratios of the WT-samples were set to 1. Bars represent the average of three independent experiments.
Arrowheads in (D) indicate two additional RNA bands smaller than the antigenome RNAs detected in virions.
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more that (−)-sense RNA containing virions (data not shown).
We further examined the (−) and (+)-sense genomic RNAs
more quantitatively by a two-step qRT-PCR, and the ratio of (+)
to (−)-sense genomic RNAs was determined (Fig. 4C). The (+)/
(−) ratios relative to that in the WT virions were calculated
(Fig. 4C). Consistent with the observation above (Fig. 4B), the
(+)/(−) ratios in the WT, dY1, dY2, and d2Y virions were not
particularly different, but those in the C′/C(−) and 4C(−) virions
were 7.6 and 8.2-fold higher than that in theWT virion (Fig. 4C).
Similar results were obtained for the RNAs from the cells
infected with the recombinant viruses (Fig. 4C), indicating that
the (+)/(−) ratios detected in the virions almost reflect those
synthesized in the infected cells. It should be noted that, in this
assay, the (+)/(−) ratios detected in the cells were slightly higher
than those detected in the virions (data not shown). This might be
due to detection of the possible N–P read-through product, in
addition to (+)-sense antigenome, as (+)-sense viral RNAs, like
the experiments of Fig. 3.
In order to visually detect (+) and (−)-sense genomic RNAs,
we further analyzed RNAs from the SeV-recombinant-infected
cells as well as from the purified virions by Northern blottingFig. 6. (A) SDS-PAGE analysis of virion proteins released and accumulated for 48
(B) Graphs of infectious virus titers at 48 h p.i. in the culture medium of Vero cells infe
viral RNAs in virions from Vero cell cultures infected with the indicated viruses at 4using RNA probes complementary to the region 2022–2378 of
the genome and antigenome RNAs including the beginning of
the P ORF at 48 h p.i (Fig. 5). Northern blotting using a human
β-actin mRNA-specific probe served as an internal control,
confirming that equal amounts of each total RNA samples were
applied to this assay (Fig. 5B). Almost the same amounts of
genomic RNAs were detected in each RNA sample from
infected cells (Fig. 5A). In contrast, the amounts of antigenomic
RNAs from the C′/C(−) and 4C(−)-infected cells were larger
than those from the WT-infected cells, whereas almost the same
amounts of the antigenomic RNAs were detected for the WT,
dY1, dY2, and d2Y-infected samples (Fig. 5A). When the (+)-
sense RNA-specific probe [(−)-sense probe] was used, two
smaller bands corresponding to the P mRNA and N–P read-
through RNA were also detected, and the amounts of these
products were also increased in C′/C(−) and 4C(−) compared to
the others (Fig. 5A). Radioactivity of each (−) and (+)-genome
RNA bands was measured, and the ratios of (+) to (−)-genome
RNAs relative to that in the WT-infected cells were calculated
(Fig. 5C). Consistent with the results of Fig. 4, the (+)/(−) ratios
in the WT, dY1, dY2, and d2Y-infected cells were not par-
ticularly different, but those in the C′/C(−) and 4C(−)-infectedh p.i. in the culture medium of Vero cells infected with the indicated viruses.
cted with the indicated viruses at anMOI of 5. (C) Ratios of (+)-sense to (−)-sense
8 h p.i. were determined as performed in Fig. 4C, and shown as a bar graph.
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cells, indicating that larger amounts of antigenome RNAs were
synthesized in the cells infected with the C′/C(−) and 4C(−)
viruses than that in the WT-infected cells (Fig. 5C).
Similarly, we also analyzed RNAs derived from virions
(Fig. 5D). Consistent with the levels of viral proteins released
from the infected cells, the amounts of genomic RNAs were not
particularly different among the WT, dY1, dY2, d2Y, and 4C(−)
virions, whereas that observed in the C′/C(−) virions was
reduced compared to those for the other samples (Fig. 5D).
Consistent with the results for RNA samples from the infected-
cells, the relative ratios of (+) to (−)-genome RNAs were not
largely different among the WT, dY1, dY2, and d2Y virions,
whereas those of the C′/C(−) and 4C(−) virions were 12 and 10-
fold higher than that of the WT (Fig. 5E). Interestingly, two
additional RNA bands smaller than the antigenome RNA in size
were also detected in the C′/C(−) and 4C(−) virions, which were
at equivalent levels to the antigenome RNAs of each sample
(Fig. 5D, arrow heads). These RNAs were unlikely to be DI
genome RNAs, because (−)-sense RNAs of similar sizes were
not detected (Fig. 5D). These two RNAs were larger in size than
P mRNA and N–P read-through RNA, respectively, and were
found to contain at least a region of (+)-sense genome RNA
spanning from the leader to the end of the N gene by RT-PCR
analysis using the RNAs extracted from the agarose gels as
templates (data not shown).
These results suggest that C′ and/or C proteins regulate the
balance of genomic and antigenomic RNA synthesis, that viral
antigenomeRNA is also packaged into virions and released from
the cells, and that the presence of predicted non-infectious virus
particles are in part due to the production of the antigenomic and
leader-containing smaller RNAs-containing virions, but not of
empty particles.
The phenotypes of the C mutant viruses in viral genomic RNA
synthesis and virion release are independent of the IFN responses
Since Sendai virus C proteins are multifunctional proteins,
and have been shown to counteract the IFN responses (Gotoh
et al., 2002), the phenotypes of the C′/C and 4C(−) viruses
observed above might be due to the lack of the ability to inhibit
interferon responses. To assess this possibility, we finally
examined virus growth, virion proteins released in the culture
medium, and genomic and antigenomic RNA replication for the
WT, d2Y, C′/C(−), and 4C(−) viruses using Vero cells which are
known to be totally unable to synthesize IFNs (Emeny and
Morgan, 1979) (Fig. 6). The phenotypes of all these viruses
observed in the Vero cells were similar to those observed in the
LLC-MK2 cells. Virus titer for the d2Y virus at 48 h p.i. was
virtually identical to that for the WT virus, but those for the C′/C
(−) and 4C(−) viruses were both approximately 50-fold lower
than that for WT-SeV (Fig. 6B). The amounts of virion protein
released into the culture medium for the d2Y virus were
identical to those for the WT virus, and those for the C′/C(−)
and 4C(−) viruses were reduced and increased, respectively,
compared to those for the WT virus (Fig. 6A). In addition, ratios
of (+) to (−)-sense virion RNAwere identical for the d2Yvirus,but increased approximately 14 and 16-fold for the C′/C(−) and
4C(−) viruses, respectively, compared to that for the WT virus
(Fig. 6C).
These results strongly suggest that the phenotypes of the C′/
C(−) and 4C(−) viruses in viral particle release and abnormal
viral RNA synthesis are independent of host IFN responses.
Discussion
The SeV C proteins have been reported to play multiple roles
in virus infection. Among these, the functions in viral path-
ogenesis and counteraction against the host IFN response have
been best characterized, whereas the others in the course of virus
infection are less well understood. In this paper, we analyzed the
infection characteristics of a series of SeV recombinants lacking
the C proteins, and found that the C proteins play important roles
in terms of modulation of viral RNA synthesis and facilitation of
virus budding to produce infectious virus particles efficiently.
The C′/C(−) and 4C(−) recombinant viruses were first gen-
erated by Kurotani et al. (Kurotani et al., 1998) by introducing
multiple stop codons into the C ORF without affecting the P
ORF to ensure the elimination of expression of C proteins, in
addition to ATG to ACGmutations at the start codons for Y1 and
Y2 proteins for the 4C(−) virus. It has been well characterized
that Y1 and Y2 proteins were produced by a ribosomal shunting
and proteolytic processing of C′ protein, whereas C′ and C
proteins were translated by leaky scanning mechanism, and that
the Y1 and Y2 protein expression was not affected or even
increased by the ATG to ACG mutations in the in vitro trans-
lation and cDNA expression systems (de Breyne et al., 2004,
2003, 2005; Latorre et al., 1998a,b). In spite of such obser-
vations, we decided to introduce the ATG to ACG mutations to
knock out either or both Y1 and Y2 protein expression, because
these was no other way to eliminate these protein expression in
the context of the P mRNA similar to the other recombinant
viruses. Surprisingly, Y1 and Y2 protein expression was really
eliminated in the cells infected with the recombinant viruses
possessing the ATG to ACG mutations (Fig. 2A, lanes 19–24).
This discrepancy might be due to the experimental conditions; in
vitro translation and expression from cDNA in previous reports,
and virus infection in this report.
As for viral RNA synthesis, promoter-specific inhibitory
effects of C proteins have been nicely shown using a mini
replicon system mimicking the internal-deletion and copy-back
type DI genomes (Tapparel et al., 1997). The leader but not
trailer promoter is inhibited by C protein expression (Cadd
et al., 1996; Tapparel et al., 1997). However, there might be a
limitation in this mini replicon system to compare (−) and (+)-
sense RNA synthesis, because one polarity of the mini genome
RNA was always continuously supplied by a T7 promoter-
driven plasmid. Here, we compared (−) and (+)-sense RNA
synthesis using recombinant viruses in the course of virus
infection. Consistent with the promoter specific inhibitory effect
of C proteins observed in the mini replicon system (Cadd et al.,
1996; Tapparel et al., 1997), in the presence of C′ and C
proteins, (−)-sense RNA synthesis was dominant compared
with (+)-sense RNA synthesis, whereas (+)-sense RNA
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(Figs. 4 and 5), suggesting that the leader might be potentially a
stronger promoter than the trailer. Since small amounts of
antigenomic (+)-sense RNA that serve as a template for genome
RNA synthesis are sufficient in viral replication, the C proteins
may control (+) and (−)-sense RNA synthesis. The leader also
serves as a promoter for mRNA transcription, and this is
sensitive to C protein expression (Curran et al., 1992). At an
early stage of virus infection where only limited amounts of C
proteins have yet been produced in the cells, the leader promoter
activity is not affected by C proteins, and mRNA transcription
for viral protein synthesis is activated. At this stage, antigenomic
RNA synthesis is also activated to provide a template for
genomic RNA used at a later step. Once adequate amounts of
viral proteins have accumulated, C proteins then inhibit the
leader promoter activity for efficient production of viral genomic
RNA. Such an inhibitory effect against the leader promoter
activity was observed even in the viruses without Y1 and/or Y2
protein expression and not observed in the C′/C(−) virus in
which Y2 protein expression was increased compared to theWT
virus, although the smallest C protein, Y2, provided from a
plasmid was reported to inhibit viral RNA synthesis (Kato et al.,
2001). Since, in virus infection, much smaller amounts of Y2
protein are produced compared to that of C protein (Latorre et al.,
1998a,b), the inhibitory effect by Y2 may be obscured.
We also found that genomic RNA-containing as well as
antigenomic RNA-containing virus particles were produced
nearly in proportion to the ratio of genome/antigenome RNAs
in the cells. Therefore, over-synthesized antigenomic RNA in the
C′/C(−) and 4C(−)-infected cells causes reduction of virus
infectivity due to the production of non-infectious, antigenomic
RNA-containing virions. In addition to the full-length RNAs, two
smaller antigenome-sense RNAs were found in the C′/C(−) and
4C(−) virions (Fig. 5). Preliminary analysis revealed that these
two RNAs contained the region at least spanning from the leader
to the end of the N gene, implicating that these might be the
products of incompletely finished RNAs during antigenomic
RNA synthesis. (+)-sense RNA synthesis is more complicated
than (−)-sense RNA synthesis, because it includes two modes of
viral RNA synthesis; production of antigenomic RNAs and
synthesis of mRNAs. C proteins are likely to control the leader
promoter activity to reduce the aberrant RNA production.
As for virus assembly and budding, C protein, but not Y1 and
Y2 proteins, has been shown to enhance release of SeVM-VLPs
from the cell surface by interacting and recruiting Alix/AIP1 to
the plasma membrane probably to make the cellular MVB
sorting machinery available for efficient VLP budding (Irie
et al., 2008, 2007b; Sakaguchi et al., 2005). In contrast,
Gosselin-Grenet et al. recently reported that inhibition of C
protein expression by an siRNA technique did not affect
replication of SeV recombinants (Gosselin-Grenet et al., 2007).
However, the present study suggested that C proteins were
important for efficient virus budding, because release of viral
proteins from the C′/C(−)-infected cells was reduced. In sum,
10-fold reduction of virus particle release and 7 to 10-fold
increase of non-infectious virus particles containing antige-
nomic RNAs could cause the 2 log reduction of the C′/C(−) virustiters. In contrast, for the 4C(−) virus, release of virus proteins
from the cells was increased compared to that of the SeV-WT.
EM studies have revealed that virus particles with heterogeneous
morphology are released from the 4C(−)-infected cells, sug-
gesting a possible function of the C proteins in virus assembly
and morphogenesis (Hasan et al., 2000). The 4C(−) virus
induced apoptosis in the infected cells much quicker and more
severe than the other recombinant viruses used in this study, and
at 48 h p.i., almost all cells were detached from the surface of the
culture dishes ((Koyama et al., 2003) and data not shown). Such
severe cell-killing activity of 4C(−) might be one reason for the
aberrant morphogenesis and increased viral protein release,
because it is well known that plasma membrane integrity is
disrupted in the apoptotic cells. The sum of the increased
production of non-infectious virus particles containing anti-
genomic and small defective RNAs, aberrant morphogenesis,
and enhanced cell-killing might result in the reduced infectious
virus titers of 4C(−). Functions of C proteins in efficient virus
release and regulation of viral RNA synthesis described above
seem to be separable from their inhibitory effect against IFN
responses, because the results obtained using IFN deficient Vero
cells (Emeny andMorgan, 1979) were similar to that observed in
the LLC-MK2 cells in this paper (Fig. 6).
In summary, our findings suggest that SeV C′ and C, but not
Y1 and Y2 proteins play essential roles in the efficient production
of infectious virions by their multiple functions, regulating viral
RNA synthesis, assembly, and budding.
Materials and methods
Cells, viruses, and antibodies
LLC-MK2, CV1, and Vero cells were maintained in
Dulbecco's minimum essential medium (DMEM; Sigma) supple-
mented with 10% fetal bovine serum (FBS; Biological Industries,
Kibbutz Beit Haemek, Israel) and penicillin-streptomycin (Invi-
trogen) at 37 °C. Polyclonal antibodies (pAb) against the whole
virion of SeV were described previously (Kiyotani et al., 1990).
pAb against the SeV M protein (Inoue et al., 2003) was kindly
provided by M. Inoue (DNAVEC Corporation, Japan). pAbs
against the SeVP and C proteinswere kindly provided byA. Kato
(National Institute of Infectious Diseases, Japan). Vaccinia virus
expressing T7 RNA polymerase, vTF7.3 (Fuerst et al., 1986), was
kindly provided by B. Moss (National Institute of Health, USA),
and propagated in CV1 cells. The SeVrecombinants, C′/C(−) and
4C(−) (Kurotani et al., 1998), were kindly provided by A. Kato
(National Institute of Infectious Diseases, Japan). All SeV
recombinants were propagated in embryonated chicken eggs.
Titers were determined by an immunofluorescent infectious focus
assay in LLC-MK2 cells and expressed as cell infectious units
(CIU)/ml, as described previously (Kiyotani et al., 1990).
Construction and recovery of SeV recombinants
Plasmid pSeV(+) encoding the full-length SeV cDNA (Z
strain)was kindly provided byA.Kato.Mutationswere introduced
into the C ORF of the P gene using a QuickChange site-directed
504 T. Irie et al. / Virology 374 (2008) 495–505mutagenesis kit (Stratagene) to yield C-dY1,-dY2, and-d2Y. None
of these mutations resulted in alterations to the P polypeptide.
These P geneswere inserted back into pSeV(+) to generate the full-
length cDNA clones used to recover infectious viruses. SeV
recombinants were recovered as described previously (Kato et al.,
1996). The mutations were confirmed by direct DNA sequencing
of the RT-PCR products of viral genome RNAs prepared from the
purified virions.
One-step growth curves of SeV recombinants
LLC-MK2 or Vero cells in six-well plates were infected with
SeV mutants at a multiplicity of infection (MOI) of 5. After 1-h
incubation at 37 °C, inocula were removed, and cells were
washed with phosphate-buffered saline (PBS) three times and
incubated with serum-free DMEM containing 20 μg/ml of
trypsin (Merck) at 37 °C for 48 h. Culture medium was
harvested at the indicated time points, clarified at 3000 rpm for
10 min., and titrated in duplicate with LLC-MK2 cells.
Virion protein profiles
LLC-MK2 or Vero cells in 10 cm-diameter plates were
infected with SeV recombinants at an MOI of 5, as described
above. At 48 h p.i., culture medium was harvested and clarified
at 3000 rpm for 10 min. Virions were then centrifuged at
40,000 rpm for 2 h through a 20% sucrose cushion in a
Beckman SW55 rotor. The pellet was suspended in SDS-PAGE
sample buffer (125 mM Tris–HCl [pH 6.8], 4.6% SDS, 10% 2-
mercaptoethanol, 0.005% bromophenol blue, 20% glycerol)
and analyzed by SDS-PAGE (8%). Gels were stained with
SYPRO orange protein gel stain (Invitrogen), and then analyzed
using a fluorescent image analyzer FLA-3000G (Fuji Film).
Cell lysates were also prepared and analyzed by Western
blotting using pAbs against M, P, and C proteins. Protein bands
were visualized using an Immobilon Western chemiluminescent
HRP substrate (Millipore), and analyzed using a chemilumines-
cence imaging system LAS-1000plus (Fuji Film).
RNA preparation
LLC-MK2 or Vero cells in six-well plates were infected with
SeVrecombinants at anMOI of 5, as described above.At 48 h p.i.,
culture medium was harvested and clarified at 3,000 rpm for
10 min. Medium samples were treated with 20 μg/ml RNase A
(Novagen) and 2 U DNase I (Novagen) at 37 °C for 1 h. Viral
RNA was then prepared using a QIAamp viral RNA mini kit
(QIAGEN). Cells were also harvested by trypsinization, and then,
total RNAwas prepared using an RNeasy mini kit (QIAGEN).
RT-PCR and quantitative RT-PCR
Primers 5SeVZ1061, 5SeVZ1683, 3SeVZ1843, and 3SeVZ2459
complementary to the regions 1061–1080 and 1683–1707 of
the (−)-sense genome and 1822–1843 and 2459–2478 of the (+)-
sense genome of SeV, respectively, were used (Figs. 3A and 4A).
For the two-step RT-PCR, first-strand cDNAs were synthesizedusing a QuantiTect reverse transcription kit (QIAGEN) with RNA
samples prepared as above and either 5SeVZ1683 or 3SeVZ1843
as a primer to detect (−) or (+)-sense RNAs, respectively. The
cDNAswere then applied to PCR using a Platinum PCR supermix
high fidelity polymerase (Invitrogen) with a primer set of
5SeVZ1683+3SeVZ2459 or 5SeVZ1061+3SeVZ1843. PCR
products were separated on a 1.5% agarose gel and stained with
ethidium bromide. For a quantitative real-time PCR(qPCR), PCR
was performed using a QuantiFast SYBR green PCR kit
(QIAGEN) with the cDNAs prepared above as templates and a
primer set of 5SeVZ1683+3SeVZ1843, and analyzed using a
DNAEngineOpticon 2 continuous fluorescence detection system
(Bio-Rad). For a one-step qRT-PCR, RT-PCR was performed
using a QuantiFast SYBRGreen RT-PCR kit (QIAGEN) with the
RNAs prepared above as templates and a primer set of
5SeVZ1683+3SeVZ1843, and analyed using a DNA Engine
Opticon 2. Amplification of a specific DNA fragment during the
cycle reaction was confirmed by measuring the melting tem-
perature of the PCR products and separating the PCR products on
an agarose gel.
Northern blotting
Primers 5SeVZ2022 and 3SeVZ2378 complementary to the
regions 2022–2041 of the (−)-sense genome and 2378–2397 of
the (+)-sense antigenome, respectively, were used. In addition, T7-
5SeVZ2022 and T7-3SeVZ2378 in which a T7 promoter
sequence was present at the 5′-end of 5SeVZ2022 and
3SeVZ2378, respectively, were used to introduce a T7 promoter
sequence to the 5′-end of the PCR products described below. PCR
was performed using pSeV(+) plasmid as a template and primer
sets of T7-5SeVZ2022+3SeVZ2378 and 5SeVZ2022+T7-
3SeVZ2378 to generate the templates for (+)-and (−)-sense
RNA probe synthesis, respectively. In addition, RT-PCR was
performed using a One-step RT-PCR kit (QIAGEN) with total
RNA from human 293 T cells as a template and a primer set of
5hbActin701+T7-3hbActin1090 corresponding to the regions
701–720 and 1071–1090 of sense and anti-sense human β-actin
ORF, respectively, to generate a template for an RNA probe
specific forβ-actinmRNA. RNA probes were synthesized using a
StripEZ RNA T7 kit (Ambion) with the PCR products prepared
above as templates in the presence of [α-33P]UTP (GEHealthcare)
according to the supplier's protocol. Northern blotting was
performed using a Northern Max-Gly kit (Ambion) according to
the manufacturer's protocol. Briefly, RNA samples prepared as
above were separated on a 1% agarose gel, and then transferred
onto a Hybond-XLmembrane (GE Healthcare). Membranes were
subjected to hybridization reactions using the RNA probes pre-
pared above. RNA bands were visualized and quantitated using a
FLA-3000G. The results using the β-actin-specific probe served
as an internal control for the blot using cell-derived total RNA.
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